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suMMARY

An investigationhasbeenconductedto studytheaerodynamiccharac-
teristicsofanaspect-ratio-20winghavingthickairfoilsectionsand
employingboundary-layercontrolby suction.Datafrommodeltestsin
boththeIangleyfull-scaletunnelandtheIangleylow-turbulencepressure
tunnelsareincluded.Theresultsindicatetheeffectsofvaryingsuction
flowrate,suction-slotconfiguration,wingsurfacecondition,flapdeflec-
tion,andMch number.

Theresultsindicatethat,throughtheuseofboundary-layercontrol
by suction,trailing-edgeseparationwascontrolledandlift-dragratios
ashighas30.8wereattainedinthelift-coefficientrangefrom0.9
to 1.0forthesmooth-wingconfiguration.Up toa~chnumber of 0.44,
testresultsshowcompressibilityeffectstobe onlyminorforthelift-
coefficientrangeup toandincluding1.0. Withfull-spantrailing-edge
flapsinstalledandmaximmsuctionflowratesapplied,maximumlift
coefficientsof2.5and4.2wereobtainedforflaps-neutralandflaps-
deflectedconditions,respectively.

INTRODUCTION

Theuseofhigh-aspect-ratiowingsasa meansforreducingthe
induceddragandthusincreasingthemaximumlift-dragratiohasbeen
commonpracticeformanyyears.Structuralconsiderationsindicate,how-
ever,thatincreasesintheroot-sectionthicknessratiomustaccompany
increasesintheaspectratio.Forairfoil-sectionthicbessratios
abovea certainvalue,theprofiledragincreasesrapidlywithincreasing
airfoilthichessratiobecauseofboundary-layerseparationinthe
vicinityofthetrailingedge.As a consequence,increasesintheaspect
ratioabovea certainvaluecauseincreasesintheprofiledragwhichare
greaterthanthedecreasesininduceddrag. Thus,thereisa limiting
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2 NACATN 2980

aspectratioabovewhichno improvementsinlift-dragratioareobtained.
Forconventionalstraightwingsdesignedonthebasisofa ratioofroot
thiclmessto spanof1/35,thislimitingaspectratioisabout12.

A two-dimensionalinvestigationofairfoilsectionsas thickas
40percenthasindicatedthattrailing-edgeseparationcanbe eliminated
by bound~-layercontrol(ref.1). An analysisof severalfinitewings
havinghighaspectratiosandthickrootsectionswithboundary-layer
controlwasalsopresentedinreference1. Thisanalysis,whichwasbased
onwingshavinga ratioofrootthicknessto spanof1/35anda rough
leding-edgecotiition,indicatedthepossibilityt~t theuseofthick
rootsectionsandaspectratiosoftheorderof20wouldyieldlift-drag
ratioshigherthanthoseobtainablewithconventionalstraightwings
withoutboundary-layercontrol.Theinvestigationreportedhereinwas
madetodetermineexperimentallytheaerodynamiccharacteristicsofa
high-aspect-ratio,three-dimensionalwtig,desiaedalongthelinesindi-
catedby theanalysisofreference1.

Thethree-dimensionalwingwasdesignedwithanaspectratioof20,
a taperratioof0.286,and-5°20’oftwist(washout),andwithpro-
visionsfora full-spansuctionslotlocatedat the60-percentchord
pointontheupperwingsurface.Theairfoilsectionsvariedfroman
NACA64,2-437profileattheroottoanNACA645-424profileatthetip.
Twosemispanmodelswereconstructedwithsem.ispansof22.5feet
and2.6Yfeet. ThesemodelsweretestedintheIangleyfull-scaletun-
nelandLangleylow-turbulencepressuretunnel,respectively.

Thisreportpresentstheresultsofthesetwoinvestigationswhich
includedstudiesoftheeffectsofvaryingsuctionflowrate,suction-
slotconfiguration,flapdeflection*g s~faceCOndition~and~ch
numberontheaerodynamiccharacteristicsofthewing.

SYMEOLS

%
wingliftcoefficient,L/qS

wingtotaldragcoefficient,~+c
qs %

cm pitching-momentcoefficientaboutquarter-chordpoint,
Pitchingmoment/qS~

2
J

b/2

%0 wingprofile-bagcoefficient,30
cdoc@
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sectionprofile-dragcoefficient

blower-powerdragcoefficient,c#Q ;

total-pressure-losscoefficient,%-%
%

flowcoefficient,Q/VoS‘

localairfoilchord,ft

meanaerodynamicchord,ft

free-stresmdynamicpressure,lb/sqft

massdensity,slugs/cuft

free-streamReynoldsnuniberbasedonmeanaerodynamicchord

wingsemispanjft

* area,sqft

wingareaaffectedby suction,sqft

winglift,lb

wingdrag,lb

winglift-dragratio

angleofattack,deg

flapdeflection,deg

Machnuder, Vola

criticalMachnumber

free-stresm

free-stream

quantityof

velocity,ftjsec

speedofsound,ft/sec

airremovedthroughsuctionslot,cuft/sec
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%)
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Y

free-streamtotalpressure,lb/sqft

ducttotalpressure(measuredatwingroot),lb/sqft

distancealongspanfromwingroot,

APPARATUSANDTES’IS

Models

Themcdelsusedh thetwoinvestigations

ft

wereidenticalinexternal
geometryandhadan aspectratioof20anda taperratioof0.286.Both
modelsweredesignedtohave-5°20’geometrictwist(washout);however,
becauseofconstructiondifficultiesthe2.6~-footspanmodelhada
twistof -4049’. Thewingstaperedinthicknessalongstraight-line
elementsfiananNACA~,2~37 sectionattheroottoanNACA645-424sec-
tionatthe52-percent-semispanstationwithconstantsectionfromthe
52-percent-semispanstationto thetip. Thebasicdesignparametersfor
themodelsweredeterminedfromconsiderationof severalfactors.An
aspectratioof20anda taperratioof0.2wereindicatedonthebasis
ofreference1. Analysisby themethodsofreference2 indicatedpoor
stallingcharacteristicsforanuntwistedwinghavinga taperratioof
0.2.A compromisewasthereforeindicatedanda winghavinga geometric
twistof -5°20’anda taperratioof0.286waschosen.Wing-rootthick- ,1

nesswasbasedonanassumedstructural-designconsiderationofhaving
thespan-to-rootthicknessratioequalto35. Eothmodelshadprovision
forfull-spansuctionslotslocatedontheuppersurfaceofthewingat
the60-percent-chordstation.Suctionwasappliedtothesemispanmodels
by externallylocatedblowersconnectedtothewingductsat thewing
root.Mechanicaltaresduetoductingwereeliminatedthroughtheuse
ofa mercurysealwheretheblowerductingattachedtothewingducting;
theeffectsof suctionforcesacrossthesealonliftanddragwereelimi-
natedby aliningtheductingat thesealsothatallreactionwasinthe
side-forceplane.Theinternalducttigoneachmodelwascarefully
designedtominimizeblower-powerlosses.Thewingductswerenot
restrictedbywingstructureatanypoint.Thesuctionslotsofboth
mcdelshadrampanglesof45°,roundedslotentrylips,andsmallfiternal
diffuserangles.Forthesmallmodela full-spanslothavinga widthof
1 percentofthelocalchordwasusedinalltests.Thelargemodelwas
testedwiththreedifferentslotarrangements,namely,(1)a slottapering
from2 percentchordattheroottoO percentchordatthe0.52~station,

(2)a 1.5-percent-chordslotextendingfromtheroottotheO.52~station,

and (3)a full-spanconstant-1.5-percent-chordslot.Thegeneralarrange-
mentandprincipaldimensionsofthebasicmodelsareshowninfigure1
andtheairfoilordinatesaregivenintableI. .

—— — ——.—— — -



NACATN2980 5

The22.5-footsemispanmodeltestedintheLangleyfull-scaletunnel
wasequippedwitha full-span30-percent-chordFowler-typeflapwhich
couldbe replacedby a smoothtrailing-edgeblockforbasicwingtests.
Ordinatesfortheflap,aswellashinge-pointlocations,arepresented
intableII. Sketchesoftheflaparrangementarepresentedinfigure2.

Inordertoavoidrepetitionin thefollowingdiscussion,the
22.5-footsemispanwingisreferredtoasmodelI andthe2.69-footsemi-
spanwing,asmodelII.

Tests

ModelI.-ModelI wasmountedfortestsonthereflectionplanein
theLangleyfull-scalewindtunnelas showninfigure3(a). Testswere
madewiththeboundary-layersuctionslotsealedandfaired,aswellas
withthethreedifferentsuction-slotconfigurationspreviouslydescribed.
Forallconfigurations,thesuctionslotwaslocatedatthe60-percent-
chordstationontheuppersurfaceofthewing. Eachmodelconfiguration
wastestedwiththefull-spantrailing-edgeflapsretractedanddeflected
andwithsuctionflowcoefficientsrangingfromO to0.035.

Lift-,drag-,pitching-moment-,andduct-pressure-loss-coefficientdata
e wereobtainedovertheangle-of-attackrangefromtheangleforzerolift

throughtheangleof stallforeachsuctionflowcoefficientinvestigated.
Totalandstaticpressuresforuseindeterminingblowerpowerrequired
weremeasuredintheinternalductsatthewingrootforeachcondition
bymeansofrakesoftotal-andstatic-pressuretubes.Profile-drag
measurementswerealsoobtainedbywakesurveysat26spanwisestations
fortwoofthesuction-slotconfigurationsatanglesofattackcovering
thelift-coefficientrangefrom ~ = O to CL = 1.0. Flowseparation
on thewingsurfaceandat thewing-reflection-planejuncturewasstudied
bymeansofsmallwooltuftsattachedtothewingsurface.

Thewingsurfaceconditionformostofthetestpro~amwasmain-
tainedsmooth.Thisconditioncouldbestbe describedby statingthatthe
wingskinwasl/4-inchplaterolledto contour,sandedandfilledsmooth
to thetouch,spraypaintedandlightlysanded.A limitednumberoftests
weremadeforthefull-spansuctionconfigurationwithleading-edgerough-
nessapplied.Thisconditionwasobtainedby spreadingNo.60 (0.011-inch
diameter)Carborundumgrainsacrossthecomplete-span0.08-chordsurface
distancebackfromtheleadingedgeonboththeupperandlowersurface,
theCarborundumcoveringapproximately5 to 10percentoftheareaover
whichtheparticleswerespread.TheReynoldsnumberrangeforthesetests
waslimitedto 1.5x 106to2.25x 106,whichcorrespondstoa Wch nm-
berrangefromapproximately0.09to0.11. -

ModelII.-ModelIIwasmountedonan electrical-resistancestrain-gage.
balanceandtheceilingofthetestsectionofthelow-turbulencepressure

——— -- .—-—— ————-
.— —— ——— -



6 NACATN 2980

tunnelwasusedasa reflectionplane.Leakagethroughthetunnelwall,
wherethemodelpassedthroughtothebalancesystem,wasmin3mizedby
a flush-me labyrinthsealattachedtothemodelatthewallas shown
infigure1.

.

Theprhneobjectiveintestingthismodelwasto determinetheeffects
ofMachnmber onthecharacteristicsofa wingofthistypefora rangeof
liftcoefficientscorrespondingtothecruisecondition.Testswerethere-
foremadeforonlyonemodelconfiguration(full-span,l-percentslot,
plainwing)withtherangeofsuctionflowcoefficientsUnitedto those
of interestforcruisingflight (CQ= 0.002to 0.010).Thesuctionslot
on thismodelwasdividedintothreespanwisesections,eachconnectedto
an individualduct(fig.3(b));thus,a meansofvaryingsuctionflow
ratesbetweenstatiomacrossthewingspanwasprovided.Weliminary
tuftinvestigations,however,indicateda localizedregionof separation
occurringatthedunctureofthe.inbosrdandcenterslotsectionswhen
theslotsectionswereoperatingat differentflowrates.Allsubsequent
testswerethereforemadewitha constantflowcoefficientacrossthe
span.

Lift-,drag-,pitching-moment-,andpressure-loss-coefficientdata
weremeasuredforeachflowconditionovertheangle-of-attackrangefrom
u = 0° throughtheangleofattackforstxLllata Machnmber of0.2.
Forthemorepromisingflowconditions,datawereobtainedup toa Mach
nwnberof0.44.TheReynoldsnuniberrangeofthesetests,basedonthe
meanaerodynamicchordofthemodel,variedfrom0.71x 106to2.31x 106 d
andthelhchnumberrangedfrm 0.12to 0.44.

Formodelconfigurationswithroughness,stripsof0.004-inch-di~eter
csrborundunparticleswereembeddedina thincoatof shellaclocatedat
the10-mrcent-chordpointontheupperandlowerwings~f~es. me
strips&re 1/4inch~ideatthe
tip.

METHODS

w& root andtaperedto1/8inchatthe

ANDCORRECTIONS

Dataforbothmodelshavebeencorrectedfortunnel-walleffectsand
allforce-testdragdatahavebeencorrectedto includethedragequivalent
oftheblowerpowerrequiredforeachsuctioncondition.Theexpression

S’ ~sbeen showntobe valid(ref.3)usedforcomputingblowerdrag C&Q=
iftheefficiencyoftheblowersyst~-is
thepropulsivesystem.

DataformodelI havebeencorrected
ment;whereasdatafrommodelIIhavenot

thesameastheefficiencyof

fortunnelstream-anglemisaline-
beencorrected.Inasmuchas the -

—- .—..— — —
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primarytestobjective(modelII)wasa checkofMachnunibereffectsona
wingofthistype,an exactstresm-angleevaluationdidnotappeartobe
justified.

&sic datapresentedforeachofthesemispanmodelshavenotbeen
correctedfortheeffectsoftunnel-wallboundarylayerswhich,expressed
intermsofmodelseuispans,hadthicknessesof1.5percentofthesemi-
spanformodelI and3 percentofthesemispanformodelII. Tuftstudies
madeformodelI didnotindicateanyextensiveseparationat thewing-
rootjuncture;therefore,root-interferenceevaluationdidnotappearto
be justifiedforallthetestconditions.Wakesurveysby themomentum
methodweremade,however,forthemoreoptimumtestconditionsanddrag
valuesusedinfinallift-drag-ratiocalculationsformodelI mve been
correctedforthevaluesof interferencedragindicatedby thesesurveys.

PRESENTM!IONOFDATA

Lift-,drag-,pitch@-moment-,andsuction-pressure-loss-coefficient
dataformodelI arepresentedinfigures4 to 15. Dataareshownfor
thewingwithsuctionslotsealedandfaired(fig.4),forthewingwith
suctionappliedtotheinboard0.52semispan(figs.5 to 7),andforthe
wingwithsuctionappliedfullspan(figs.8 to 15). Thesedatainclude
theeffectsofsuction-flowvariation,flapdeflection,andmodelsurface
condition(leading-edgeroughness).Profile-tiagmeasurementsobtained
formodelI by thewake-surveymethod(ref.4)forseveralconditionsare
showninfigures16and17andarecomparedinfigure18withprofile-
dragvaluesccmputedfromforce-testresultsby themethodofreference2.
Figures19and20 showtherelationofblowerdrag,profiledrag,and
totaldragofthewingfora rangeof suction-flowconditionsattwolift
coefficients.Maximum-1iftdatafortherangeoftestvariablesaresum-
marizedinfigure21andthevariationsoflift-dragratiowithlift
coefficientforthemorepertinenttestconditionsemeshowninfigures22
to24.

RepresentativedataobtainedfromtestsofmodelIIarepresented
infigures25-tO28. Thesedataarepresentedprimarilyto indicate
effectsofMachnumberfora wingofthistypewithandwithoutleading-
edgeroughness.CorrelationofthesedatawithdatafrommodelI isnot
intendedbecauseofthepreviouslydiscusseddifferencesinmodeland
testconditions.SummaryplotsoftheeffectsofMachnumberon lift-
dragratioformodel11axepresentedinfigure29. Fredictedcritical
Machnumbersfortherootsectionofthewingcalculatedby themethod
ofreference5 fromlow-speedpressuremeasurementsobtainedframmodelI
&representedinfigure30fora lift-coefficientrangefrcm-0.2to 1.4.

———-— —.————— -—— _——. . . ..———— —-——
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RESULTSANDDISCUSSION .

DragCharacteristics .

Therapidincreaseindragabovea liftcoefficientofO.6shownby
thedatainfigure4 forthebasicwing(slotsealed)clearlyindicates
theeffectsofextensivetrailing-edgeseparationonthethickrootsec-
tions. Tuftstudiesmadeinconjunctionwithforcetestsindicatedthat
somedegreeoftrailing-edgeseparationexistedatallanglesofattack
overtherootsectionsofthewingwiththeresultthattheminimumwing
dragmeasuredata liftcoefficientofOwas 0.017.Withsuctionapplied
tothewingthrougheitherthesmispanorfull-spansuctionslots,the
rapidincreaseinprofiledragassociatedwithextensivetrailing-edge
separationcouldbepostponedtohigherandhigherliftcoefficientsby
increasingsuctionflowratesas evidencedinfigures5 to 15. ltromthese
results,however,it isobviousthat,forallexceptthelowerflow-
coefficientrange,thewingdrag(includingblower-powerdrag)becomes
excessivedespitetheeliminationoftrailing-edgeseparationbecauseof
therapidincreasein.blower-powerrequirementswithincreasingflow
coefficient.

Effectof suctionflowrate.-Therelationofwiugtotaldragto
suctionflowrateisillustratedinfigures19and20by thebreakdown
ofwingtotaldragintoitsvariouscomponentsfora rangeofsuction
flowcoefficientsforliftcoefficientsof 1.0and0.5. Fromtheseresults
itisapparentthat,forthisw_@, flowratesforminimuutotaldragdo .
notcorrespondtoflowratesforminimmnprofiledragbecauseoftherapid
increaseinblower.powerwithincreasingflow. It isalsonoteworthythat
the0.>2b/2tapered-slotconfigurationwhichgaveminimumtotaldrags
actuallyhadhigherprofiledragthroughoutallbutthe’lowflow-coefficient
range.Thenetdragreductionpossiblethroughsuction,therefore,depends
notonlyonefficientslotandductdesignsbutalsouponmaintenanceof
theproperrelationofblowerpowerandprofiledrag.

Effectofslotconfiguration.-In orderto illustratetheeffectof
slotdesignconsidertheflowcharacteristicsofthefull-spanconstant-
percent-chordand0.>2b/2tapered-slotarrangementsinvestigated.For
thefull-spanl.>-percent-chordslot,localflowcoefficientsatallspan-
wisestationswillbe verynearlyconstant(providedsufficientlylarge
duct-to-slotarearatioismaintained(ref.6)). Withthetaperedslot
ontheinboard0.52b/2only,however,localsuctionflowrateswillvary

acrossthespanforanywingsuctioncoefficient(cv~~ insucha

waythatthegreatestlocalsuctionflowratio
thickrootsectionsandwilldiminishoutboard
24percentthick.

willbe obtainedforthe
toO wherethewingbecomes -

.

——
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. Closestudyoftwo-dimensionalsectiondata(ref.1) indicatesthat,
inordertominimizetheblower-powerrequirement,localsuctionflow
ratesshouldvaryacrossthespan.Forexample,considerthewingat a
liftcoefficientofapproximately1.0. Sectiondataindicatethat,for
thethickrootsections(thicknessratio,0.37),a flowcoefficientof
approximately0.01wouldbe nearoptimumwhereas,fortheoutboardsections
(thicknessratio,0.24), thisflowratewouldrepresenta wasteofblower
powerbecausethe~eatestdragreductionforthissectionisobtained
atmuchlowerflowcoefficients.Onthebasisofthesedata,therefore,
thefull-span,constant-1.5-percent-chordslotwouldbe expectedtobe
lessefficientfordragreductionthana taperedslotdesignedto expend
the.geatestportionoftheblowerpowerforsuctionatthethickroot
sectionswhereseparationlossesarethegreatest.Theresultsofthe
presenttests(figs.19and20)withthetwotypesof slotsshowthatthe
three-dimensionaltestsconfirmthepredictionsinthisrespectandthe
lowestwingtotaldragswereobtainedwiththetaperedslotontheinboard
semispanonly.Erofile-dragsurveys(fig.17)withthewingsmoothdid
notindicateanyextensiveseparationovertheoutboardwingpmel where
suctionwasnotapplied.It shouldbe noted,perhaps,thattheseven
localizeddragpeaksshowninfigure17representthesevenexternal-flap
hingebracketsinstalledonthelowerwingsurface.

EffectofMch number.-TheeffectofMichnuniberonthedragcharac-
teristicsofthesmoothmodelas obtainedfromthetestonmodelII is.
presentedinfigure25. Theseresultsindicateno compressibilityeffects
up tothemaximumtestl@chnumberofO.~ at liftcoefficientsup to 1.4,
butat higherliftcoefficientsa rapidriseintotaldragoccursatI@ch
numbersgreaterthan0.3. Theseresultsarereasonablyconsistentwith
critical-speedpredictions,basedon low-speedmeasurementsof surface
pressuresobtainedonmodelI at thespanwisestationatwhichthewing
is36percentthickandshowninfigure30. ThepredictedcriticalMach
numbersindicated‘Dythelow-speedresultsvaryfrom0.55ata liftcoef-
ficientofO to0.42ata liftcoefficientof1.4.

Effectof leading-edgeroughness.-ThelowWch numbertestresults
ofmodelI (fig.14)showthatforthefull-spansuctionconditionsevere
leading-edgeroughnesscausedtiagincrementsoftheorderof0.10to0.17
inthe-lif~-coefficientrangebe&een
ormderof0.003toO.00~wereobtained
Tuftstudiesindicatedthatthelarge
lowliftcoefficientswereassociated
surface.

DataobtainedfrommcdelIIat a
approxhatelythesamedragincrement

O and0.2,whereasincrementsofthe
inthehigherlift-coefficientrange.
incrementsindragobtainedatthe
withflowseparationfromthelower

bhchnumberof0.2 (fig.27)show
duetoroughnessat CQ= 0.006

. as thatshownformodelI inthemodmate-lift-coefficientrange(0.4
to1.0).Forthehigher~ch numbercondition(M= O.40) whichresults
inincreasedadversepressurewadientontheairfoil,theeffectsof

..—— —— ——.—— _ .._ _—— ——
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roughnessweremoresevereandthelow-suction-flowconditionCQ = 0.0057 .
didnoteliminateseparation”(fig.26).A slightincreaseinthesuction
flowrateto CQ = 0.007,however,wassufficientto eliminateseparation
at thehigherlkchnumbersandtomintiizetheeffectsofroughnesseven .
thoughmodelblowerdragwasslightlyincreasedat thehighersuctionflow
rates.

LiftCharacteristics

Testsofthebasicsmoothingwithsuctionslotsealedandfaired
(fig.4) showthat,aswouldbe expected,forverythicksectionsa rela-
tivelylowmaximumliftcoefficientof 1.1wasobtainedwithflapsneutral.
Thelift-curveslopefor bf = O wasapprox-tely0.1perdegreeup to
a CL of 0.6but,abovethisliftcoefficient,extensivetrailing-edge
separationspreadingoutboardfromtherootsectioncauseda largereduc-
tioninlift-curveslope.Deflectingthefull-spanhailing-edgeflaps
producedapproximatelyconstantincrementsinliftcoefficientforthe
angle-of-attackrangeinwhichtheliftcurveswerelinearwitha maximum
incrementofapproximately2.0obtainedforthe45°flapdeflection.The
maximumliftcoefficientwithflapsdeflected45°reached2.88.

Applyingsuctiontothewingsemispandidnotgreatlyalterthelift-
curveslopeinthelinearrangebutdidextendthelinearliftrangeto .

higheranglesofattack.As shownby figure21,theincrementsinmaximum
liftobtainedby suctionwiththeinboard0.5~ slotconfigurationwere
smallcomparedwiththeliftincrementsobtainedwithfull-spanflapsor
withfull-spansuction.Tuftstudiesmadeinconjunctionwiththesetests
indicatedthatthemaximumliftofthewingwasUmitedby completestall
oftheoutboardwingsectionstowhichsuctionwasnotapplied.Withthe
suctionslotextendedfullspanmd maxinunnsuctionapplied(fig.21),it
waspossibletodelaytrailing-edgeseparationtoconsiderablyhigher
anglesofattack,andmaxhnumliftcoefficientsof4.2and2.5werereached
fortheflaps-deflectedandflaps-removedconfigurations,respectively.
Foreachoftheseconfigurationsmaximumliftwasobtainedatanangleof
attackofapproximately19. It shouldperhapsbe notedthat,withsuction
applied,thewingstallisveryabrupt.

.
Theseresultsshowthatfull-spanboundary-layersuctioniseffective

inobtaininghighmaxinnmlifts,whereasyartial-spansuctionisof limited
value.Forthefull-spansuctionconditionandhighsuctionflowrates
(figs.15and21),maximumliftvaluesof3.9and2.1weremeasuredfor
theroughsurfaceconditionwiththeflapsdeflected45°and00,respec-
tively.

Lift-dragratios.-
..

Theevaluationofwinglift-dragratiosisalways
a problemwhichrequiresextremecareinasmuchaswingabsolutedragvalues

.
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(withalltunnelcorrections)mustbe veryaccuratelydetermined.As
thebasicpurposeoftheinvestigationintheLangleyfull-scaletunnel
involvedthedeterminationofwinglift-dragratios,extremecarewas
takeninevaluatingetreamangle,blowertares,andothertunnelcorrec-
tions. Profile-dragsurveys(figs.16and17)usingthewake-momentum
methodweremadetofurnisha checkagainstforcedata. A comparisonof
profile-dragdataobtainedfrm momentumsurveysandcomputedfromforce
dataispresentedinfigure18. Gooda~eementbetweenthetwomethoils
ofmeasurementisindicatedforallconditionsatwhichcomparisonsare
made. Themomentum-surveydataarealsousefulforestimatingtheincre-
mentofwingdragresultingfrcminterferenceatthejunctureof thewing
andreflectionplane.

Figures22and23presentthelift-drag-ratiocharacteristicsofthe
aspect-ratio-20wingtestedinLangleyfull-scaletunnel(modelI)for
severalwingconfigurationsincludingtheeffectsof slotconfiguration,
flapinstallation,andleading-edgeroughness.Dataarepresentedfor
onlythemorenearlyoptimwnflowratesforeachconfigurationandare
computedfromforcedatawhichincludethewing-rootinterferencedrag.
Thesedatashowthattheoptimmslotarrangementtestedwasthetapered
inboard0.52b/2slotwhich,forthesmooth-wingconfigurationwith
landingflapsinstalled,reacheda maximumlift-dragratioof26as com-
paredto24 forthefull-span,constant-1.5-percent-chordslot.Forall
slotconfigurations,maximumlift-drag-ratiovalueswerereachedat a
liftcoefficientrangingfrom0.9to 1.0;thesevaluesareh goodagree-
mentwithpredictionsbasedontwo-dimensionaltests(ref.1).

Lift-dragratiosformodelIIarepresentedinfigure29 to illus-
tratetheorderofmagnitudeofMachnumberandsurfaceroughnesseffects
onthemaximumlift-drag-ratiocharacteristicsfora wingofthistype.
TheseresultsshowthatincreasingtheMachnumberfrom0.2to 0.44
reducedthemaxtiumlift-ctragratioby lessthan1 foreitherthesmooth-
orrough-modelconfigurations.Installingleading-edgeroughnessreduced
themaximumlift-drag-ratiovaluesby approximately2 throughouttheI@ch
nuriberrange(comparefigs.29(a)and29(b)),although,aswaspreviously
described,itwasnecessaryto increasethesuctionflowrateslightlyto
obtainmaximunlift-dragratioat thehigherMachnumbers.

Inorderto gaina betterindicationofthemaxhumlift-dragratios
obtainedfortheaspect-ratio-20wing,thedataformodelI havebeencor-
rectedfortheincrementofwing-rootinterferencedragindicatedby the
momentumsurveys.Theresultinglift-dragratiosforthewingwithout
flapsareshowninfigure24 asa functionof liftcoefficient.The
resultsforthesemispanslotconfigurationwithoutflapswereinferred
fromtestsofthewingwithflapsinstalledby usingflapdragincrements

. measuredonthewingwiththefull-spanslot.

Theresultsshowninfigure24indicatethatthemaxtiumvaluesof
. thelift-dragratioobtainedformodelI inthesmoothconditionwere

——— —. ._—— — ..—
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30.8forthe2- to O-percentchord,tapered-slotconfigurationand27.2
fortheconfigurationwiththefull-span,1.5-percent-chordslot. In
therough-leading-edgecondition,themaximumlift-dragratiowas25.2
fortheconfigurationwiththefull-span,l.>-percent-chordslot.No
datawereobtainedforthe2- to O-percent-chord,tapered-slotconfigu-
rationwithleading-edgeroughness.Unfortunately,it isnotpossible
onthebasisofthedatapresentedinfigure24 to statewithcertainky
whetherthevaluesof lift-dragratiopredictedby thesmalysisofrefer-
ence1 canbe realizedonanactualthree-dimensionalwing. Thepre-
dictedvaluesoflift-to-dragratiogiveninreference1 sreforuntwisted
wingsintherough-surfacecondition.Inallcases,theoptimmflow
removalforminimwntotaldragwasassumedatallpointsalongthespan.
Themaximumvalueof lift-dragratiopredictedforanaspect-ratio-20
wingwith0.3taperratiowasabout29,whichis,of course,considerably
higherthanthevalueof25.2obtainedexperimentallyfortherough-
leading-edgeconditioninthepresentinvesti~tion.Ontheotherhand,
alteringtheslotdesigninsucha wayasto obtaina morefavorable
spanwisedistributionofsuctionisseenfromfigure24to increasethe
lift-dragratioofthesmoothingficxu27.2to30.8. Onemightinfer,
therefore,that,hadthemodelintherough-leading-edgeconditionbeen
testedwitha slotdesignmorenearlyoptimumthanthefull-span,1-
percent-chordslot,valuesofthelift-dragratioconsiderablyinexcess
of25.2mighthavebeenobtained.

Inorderto obtainsomeindicationofthemannerinwhichthelift-
dragratiosoftheaspect-ratio-20wingcomparewiththoseofa wingof
moreconventionaldesiga,a studywasmadeoftheresultscontainedin
references7 and8 fora numberoffull-span,three-dtiensionalwings.
Thewingsforwhichdataaregiveninreferences7 and8 hadvarious
planformsandairfoilsections,butallhada span-to-rootthichess
ratioof35. Ofthewingsinvestigatedwitha taperrationear0.286,
anaspect-ratio-12winghavinga taperratioof0.286andNACA~ series
airfoilsectionswaschosenasa basisforcomparisonwiththeaspect-
ratio-20wtigofthepresentinvestigation.Thisparticularwingwas
chosensinceitappearedtohaveaboutthehighestlift-dragratiointhe
rough-surfaceconditionofanyofthewingsinvesti~tedwithtaperratios
near0.286.Thedataforthiswingata Reynoldsnumberof2.8x 106
indicatemaximumlift-drag-ratiovaluesof24.5and33fortheleading-
edge-roughandleading-edge-smoothconditions,respectively.

Becauseofdifferencesinmodelsurfacecondition,itisdifficult
todrawanyconclusionsfrcma comparisonofthemaximumlift-dragratios
ofthewingswithoutlesding-edgeroughness.Intherough-leading-edge
condition,however,a moresoundbasisofcomparisonexists.Forthis
condition,themaximumlift-dragratiosofthetwowingsarenotgreatly
different,althoughthatoftheaspect-ratio-20wingisslightlyhigher
thanthatoftheaspect-ratio-12wing. Inaccordancewiththeprevious
discussionoftheeffectsof slotdesignonthemaximumlift-dragratio,

—.— —
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.

however,itseemspossiblethat,witha morenearlyoptinnmslotdesign,
theaspect-ratio-20wingmightshowa morepronouncedadvantageoverthe
aspect-ratio-12wingintheroughsurfacecondition.It isperhapsworthy
ofnotethattheliftcoefficientformaximumlift-dragratioismuch
higherfortheaspect-ratio-20wingthanfortheaspect-ratio-12wing.

An investigationofan
a suctionslotto eliminate
trailingedgeindicatesthe

CONCLUSIONS

aspect-ratio-20,straightwingequippedwith
separationoftheboundarylayernearthe
followingconclusions:

1.Trailing-edgeseparationonthethickrootsectionsofa wingof
thetypeinvestigatedmaybe effectivelycontrolledthroughboundary-
layersuction.Unlessthesuctionflowratesat eachlocalstation
acrossthe-spanarecarefullyMnitedtothemtiimumrequirementforeach
section,however,wingtotal-dragcoefficientsincludingblowerpower
willbe excessive.

2.ltmma considerationof obtainingminimumtotal-dragandmaximmn
lift-dragratiosinthelift-coefficientrangefimm0.4to 1.0,a tapered
slotontheinboard0.52semispanportionofthewingappearstobe a
morenearlyoptimumarrangementthana full-spanslotofconstant-percent-
chordwidth.

3.Formaximumlift,thefull-spansuction-slotconfigurationis
muchmoreeffectivethanthe0.52semispansuctionconfiguration.With
full-spantrailing-edgeflapsinstalledandmaximumsuctionratesinthe
full-spanslot,maximumliftvaluesof4.2and2.5wereobtainedforthe
flaps-deflectedandflaps-neutralconfiguration,respectively.

4. Themaximumwaluesofthelift-dragratioobtainedforthewing
intheleading-edge-smoothandleading-edge-roughsurfaceconditions
were30.8and25.2,respectively.Thedecrementinlift-dragratio
between30.8and25.2isnotdueentirelyto leading-edgeroughness,
however,sincethefull-spanconstant-1.>-percent-chordslotwasemployed
ontheroughenedwing,whereasthemorenearlyoptimmntaperedslotwas
employedonthesmoothwing.

5.Noadverseeffectsofcompressibilitywereobservedthroughthe
l.kchnumberrangeinvestigated(mAximumMachnmber of0.44)forlift
coefficientsup toandincluding1.0.

.
LangleyAeronauticalLaboratory,

NationalAdvisoryComnitteeforAeronautics,
LangleyField,Vs.,May8, 1553.
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TABLII

15

EASICAIRFOILORDIXATESFORASl?ECT-R&l?IO-20WING

.

[
Stationsandordinatesareinpercentofairfoilchmd1
NACA64,2-437,

1 (modified)airfoilsection NACA645-k2~airfoilsection1 =

~er surface Iawersurface Uppersurface Lowersurface

stationOrdinateStationOrdinateStat”ionOrdinateStationOrdinate

o 0 0 0 0 0
-.012 ;.843 1.012 -; .705 .l% 1.912 .805 -1.712
.143 4.648 1.357-4.442 .410 2.328 l.o~ -2.048
.511- ;.87g 1.999 -5.543 .863 2.9% 1.637 -2.567
1.578 3.422 -7.400 2.048 4-.249 2.952 -3.505
3.95010:966 6.050-g.76a 4.485 6.126 5.515-4.862
6.45313.041 8.547-11.377 6.%3 ;.;;: 8.037-5.870
9.00814.632 10.992-u2.576 9.461 10.539-6.673
14.13816.952 15.862-14.26014.48910;610 15.511-7.918
19.25318.536 20.747-15.35219.54122.000 20.459-8.816
24.37719.607 25.623-16.c2724.60713.014 25-393-9.434
29.50620.270 30.494-16.38229.68313.692 30.317-9.804
34.63620.556 35.364-16.436-34.76414.045 35.236-9.95
39.76420.470 40.236-16.I% 3“9.84614.048 40.1* -9.764
44.88719.941 45.113-:5.56144.92713.600 45.o~ -9.220
50.’00018.980 50.000-14.56850.000=.875 50.000-8.463
55.og817.628 54.9X!-13.24855.06211.929 ~9.:Z& -7.549
60.17815.942 59.822-11.65860.1u210.801 -6.517
65.23513.990 64.765-9.870 65.1L7 9.530 64:853-5.410
70.26711.855 69.733-7.967 70.168 8.154 69.832-&.266
~ .274 9.632 74.726-6.052 ~ .172 6.7w 74.828-3.132
80.257 7.411 79.743-4.227 80.161 5.241 79.839-2.057
85.216 5.251 84.784-2.559 85.135 3.791 84.865~ -:A;?
90.152 3.205 89.848-1.137 ~.o~ 2.4o2 89.504
~.o~ 1.413~g.g: -.149 g.$: 1*1.249.954 .140
LOO.000 0 . 0 . 0 100.0000

~.E.radius:14.260 L.E.radius:3.50

.. . . . —.. ———_— ——. ———~— ———. ...—
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E4SIC FLAP OFZ)INATESFOR -T-NIO-20 WING

[Statimsand c)rdlnatesare in percent.airfc)ilchordj

NACA 64,2437awoll section WA 64+24 alrfollsection

Uppersurface Luwerf3urface Uppersurface Lowersurface

3tation Ordinate Ststion Ordinatf Station Ordlnate Statiqn Ordinate

-/’0.000 -2.000 70.OCCI -2.m 70.000 -1.665 70.000 -1.G5
70.250 -.39 70.250 -3.39 70.208 -.624 70.833 -3.230
70.500 .265 70.500 -3.935 70.500 0 72.918 -3.92
V.cnxl 1.19 71.oixl -4.630 70.833 .417 77.095 -2.623
p.m 2.39 72.000 -5.465 71.875 1.437 83.*O -1.416
7’4.000 3.860 74.&lo -6.aM 7’2.918 2.167 87.500 -.667

76.om -5.560 mom 2.$60 91.770 -.093
76.000 4.630 79.743 -4.227 79.175 3.542 s5.820 .188
79.m 5.035 84.784 -3.559 83.340 3.438 loom o
830CXX) 4.875 89.@@ -1.137 89.580 2.3%
87.OCXI 4.067 ~$$!je~ ;.149 $5.820 0.937
91.WO 2.855 . 100.000
5.073 1.413
100.CKKI o

L.E. radius: 4.00 L.E. radim: 1.660
LccationofL.E.radiuacenter:74.00

I
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(a)Model1.

Figure1.-Generallayoutandprincipaldimensionsofaspect-ratio-20
boundary-lsyermodel.A typicalcrosssectionanda sketchofthe
rootsealarealsoshown.
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Mcdel I ummted in Langley full-scale tunnel.
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Photographa of aqect-ratio-20 boun@-_ wing.
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Figure 4.- Aerdynmic characterie.ticsof the bmlc wing. Suction slot
sealed ad faired; flaps imkall.ed;wing smooth; mcdel I.
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(b)Variationofpressure-losscoefficient
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Figure5.-Concluded.
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Figme 6.-Aercdynamic chsracteriatics of the wing with suction applied
to inboard aemispan only. Inboard Gemiapan slot tapered from 2 to
O percent chord; fuU-qxm flaps deflected 40°; wing moth; mdel I.
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Figure 8.- Aercdynemic characteristics of the wing with suction applied
full span. Flaps installed; wing smooth; model I.



30 NACATN2980

10

9

8

7

6

5

4

3

2
%

I

o

5

4

3

2

I

o
-2 0 2 .4 .6 .8 [.01.2 1.4 1.6[.820 22 24 26

G
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Figure8.-Concluded.
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Figure 9.-Aer@mamic characteristics of the wing with suction applied
full span, Flaps deflected 20°; wing smooth; model I.
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Figure9.-Concluded.
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full span, Flaps deflected 40°; wing snmoth; mcxielI.

!$



WA TN 2980

.

10

9

8

7

6

5

4

3

2
G
1

6

5

4

3

2

I

o10 12 1.416 18 20 Z? 24~26 26 30323436384042

(b)Variationofpressure-losscoefficient
withliftcoefficient.

Figure10.- Concluded.

.

.



% -.3 -.4 -.5 -,6
cm

(a) Variation of ~ with a, ~, and ~.

Figure 11.- Aerodynamic characteristics of the wing with suction applied
full span. Flaps deflected 45°;wingsmooth; mdel I.
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Figwe 12.- Aercdynamic characteristics of the wing with suction applied
full span. Flaps deflected 50°;wing smooth; mcdel I.
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Figure 13.- Aerodynamic characteristics of the wing with auction applied
full span, Flaps removed; wing smooth; model I.
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Fi~e 15.- A comparison of aerodynamic characteristicswith the wing
Bmooth and the wing with leeding-edgeroughness. Suction applied
full span; flaps deflected 45°;R .1.5 x 106; mcdel I.
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Figure16.- Distributionofprofiledragacrossthesemispanat several
liftcoefficients.N1-span suction;flapsremoved;modelI.
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Figure19.-Vmiationoftotaldrag,profiledrag,andblowerdragwith
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Figure20.- Variationoftotaldrag,profiledrag,andblowerdragwith
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Figure 21.- Effect of suction, flap deflection, and lead~-edge roughness
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Figure22.- Variationoflift-dragratio
‘slotconfigurations.bf = Oo;R

withliftcoefficientforthree
= 1.8x 106;modelI.
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Figure23.- Effectofflapinstallationandleading-edgeroughnesson
thelift-dragratiowithfull-spanl.~-percent-chordsuctionslot.
R = 1.8x106; model~.
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CQ Slot configuration
“ @006 Full-span 1.5%c slot j wing smooth
❑ 006 Semispan 1.5%cslot ; wing smooth
O .00S Semispan2t~ O%C slot;wing smooth
~ .006 Full-span 1.5%c SIOt ~LE. rough
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Figure2k.- Comparisonoflift-drag-ratiocharacteristicsofmodelI
correctedforreflection-planeinterference.
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-e 23. - Effect of Mach number on the aercdynsmlc characteristicsof !!l

model II with bmndary-layer ccatrol by auction. Mdel smooth.
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Figure 26,- Effect of boundary-l~er control by suction on the aerodynamic
chs,racteriBtiCS of an unswept semlspan wing with and without roughness.
M@iel II. Flqed symbols denote roughnees strips.
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(a) Wing smooth; mxlel II,

Figure 27.- Effect of boundary--layercordxol by suction on the aerodynamic
characteriBtic6of an unswept semiapan wing.
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(b) Wing rough; mcdel II.

Figure27.- Concluded.



“ ----- ----

❑ ,0246 .44
0 .0359 ●44
& .c032 .44

2

1

D

m Wefiloient, CL

Figure 28.- Varitiion of pressure-loss coefficientwith llft coefficient.
MciielII.



2+ I I [ I I I I I 1 I I I I [

l--H~Q-’””@tH+3+3

A I 1

E /
1 I

, - 0.’20.

#
. .t 6 ~ 1.0 i.z 1.6 1.6 b

LiftOWfflaiont, ~

(a) Smooth wing.

Figure @.- Variation of lift-drag ratio for various flow coefficients
with Mach tier. Mcdel II.
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Figure 30.- Critical Mach numberB calculated by the mA.hcd of reference ~
from low-speed preesure diatributionB obtained at the NACA 64)2-436station
on mcdel I. 8’


